Background: Nitric oxide (NO) is an inorganic gas produced by a family of NO synthase (NOS) proteins. The presence and the distribution of inducible-NOS (NOS II or iNOS), and NADPH-diaphorase (NADPH-d), a marker for NOS catalytic activity, were determined in muscle sections from control, DMD, and BMD patients. Materials and Methods: NADPH-d reactivity, iNOS-and nNOS (NOS I)-immunolocalization were studied in muscles from mdx mice before and after somatic gene transfer of dystrophin or utrophin. Results: In control patients, few fibers (Ͻ2%) demonstrated focal accumulation of iNOS in sarcolemma. In DMD patients, a strong iNOS immunoreactivity was observed in some necrotic muscle fibers as well as in some mononuclear cells, and regenerating muscle fibers had diffusely positive iNOS immunoreactivity. In DMD patients,
Introduction
Nitric oxide (NO) is an inorganic gas that derives from L-arginine as the product of a complex enzymatic reaction catalyzed by a family of three NO synthase (NOS) proteins (1) . NO mediates a variety of biological functions, including intracellular signal transduction, neurotransmission, and vasodilatation (2) (3) (4) . Two of the NOS are constitutively expressed and are low-input Ca 2ϩ activated enzymes whose physiological function is signal transduction. NOS I (nNOS) is prominent in neurons but also occurs in skeletal muscle fibers, in epithelial cells of the lung, and in secretory cells of some endocrine glands (5, 6) . NOS III (eNOS) is present in all vascular endothelial cells (7) . NOS II (iNOS), originally discovered in cytokine-induced macrophages, is a largely inducible calcium-independent NOS, which is expressed at highest levels in immunologically activated cells. In resting cells, iNOS levels are usually very low or absent. NO formed by iNOS is involved in nonspecific immune responses (8) .
NO is involved in the regulation of contractile responses of muscle fibers (9) (10) (11) and NOS activity is found in skeletal muscle tissue (9, (12) (13) (14) (15) , as well as in skeletal muscle cell lines (16) . nNOS is localized to the sarcolemma, with enrichment at the neuromuscular endplates, myotendinous junctions, and costameres (9, 10, 17) . nNOS is expressed at higher levels in muscles composed of type II muscle fibers, particularly in rodents (9) , and in both types I and II muscle fibers in primates (12) . Conflicting results exist concerning the expression of iNOS in skeletal muscle. In one study, iNOS immunoreactivity was found in the particulate fraction of skeletal muscle (10) , whereas another group failed to demonstrate iNOS immunoreactive bands on Western immunoblots of ADP-sepharose-fractionated protein extracts from skeletal muscle under control conditions (15) . Following immunohistochemistry using antibodies against iNOS, Gath et al. reported a spotty distribution throughout the sarcoplasm in guinea-pig skeletal muscle (10) . However, Young et al. (18) and Thompson et al. (15) reported that no specific immunostaining was observed in guinea-pig and mouse skeletal muscles, respectively. Expression of iNOS was also noted in macrophages, endothelium, and to a lower extent, in myocytes during inflammatory conditions in vivo (i.e., LPS administration), which intensified iNOS expression and immunostaining (10, 15) . It has been demonstrated that iNOS was induced in C2C12 cells by combination of cytokines (16) . eNOS was also found in vascular endothelium of skeletal muscle tissue (19) .
The histochemical staining for NADPHdiaphorase (NADPH-d) is a marker for NOS catalytic activity (6, 10, 12) . NADPH-d localizes with nNOS in the muscle fibers (12) , and NADPH-d negative cell lines become NADPH-d positive after they are transfected with nNOS, iNOS or eNOS cDNAs (5-7). Several other enzymes besides NOS also demonstrate NADPH-d activity but unlike NOS, they are inactivated by paraformaldehyde fixation (20) .
Studies have recently shown that nNOS complexes with dystrophin and is absent from skeletal muscle sarcolemma in Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD), as well as in mdx mice (21, 22) . Moreover, the interaction of nNOS with the post-synaptic density protein PSD-95 and ␣1-syntrophin has been shown to be mediated by PDZ domains (23) . However, some NOS is located within muscle mitochondria. iNOS expression was demonstrated in a number of neurodegenerative and neurologic inflammatory diseases (24) (25) (26) , but only in one muscle disease (i.e., inclusion body myopathy (27) . In this disorder, Yang et al. demonstrated iNOS immunoreactivity, colocalized with nNOS immunoreactivity within the vacuoles or in vacuole-free cytoplasm. Because of its putative implication in the physiopathology of the affections, it seemed interesting to study if iNOS was expressed in other neuromuscular disorders than inclusion body myopathy. No data are actually available concerning the expression of iNOS in muscle tissue from DMD patients. Moreover, if the involvement of iNOS has been shown in experimental crush injury (28) , no in situ study of the expression of iNOS has been performed in degenerating/regenerating muscles, and the situation has not been examined in models of muscular dystrophies. The aim of the present study was to determine the distribution of iNOS in muscle tissue from DMD and BMD patients, as well as in the muscles from mdx mice. Moreover, we have studied the consequences of the expression of dystrophin and overexpression of utrophin following adenovirusmediated gene transfer on the expression of iNOS and nNOS in mdx mice.
Materials and Methods

Muscle Biopsy
Skeletal muscle biopsy samples were from the quadriceps muscles of patients presenting with DMD (n ϭ 6) and BMD (n ϭ 2) and from quadriceps muscles from non-weak control subjects (n ϭ 5) obtained during surgical intervention. The biopsy specimens of DMD/BMD were considered as "preexisting pathological specimens" obtained for diagnosis purpose and did not require informed consent. Informed consent was obtained from control subjects, and the Ethical Committee of the Institution approved the study.
mdx Mice
Homozygous mdx mice were obtained from the Jackson Laboratory (Bar Harbor, ME). All animals were kept in the animal care unit of the Wistar Institute according to animal care guidelines. mdx mice were studied at different times (14, 21, 28, 42, 56 , and 70 days postnatal). Quadriceps, Tibialis Anterior (TA), Extensor Digitorum Longus (EDL), Soleus (SOL), and diaphragm (DIA) muscles were studied.
Antibodies
For immunocytochemistry, we used antibodies: anti-iNOS (mouse anti-iNOS, Transduction Laboratories, KY; rabbit anti-iNOS, Calbiochem, CA; rabbit anti-iNOS, Santa Cruz Laboratories, Santa Cruz, CA), anti-developmental myosin heavy chain (mouse anti-d-MHC), anti-dystrophin (mouse antidys 2) (Novocastra, UK), anti-complement membrane attack complex C5b-9 (mouse anti-C5b-9, Dako, CA), anti-p65 subunit of NFB (goat or rabbit anti-p65), anti-nNOS (rabbit anti-nNOS) (Santa Cruz, CA) and anti-myc (mouse anti-myc) (InVitrogen, CA). All antibodies were diluted 1:100, except the anti-dys 2 and anti-d-MHC antibodies, which were diluted 1:20.
Morphological Analysis, Histochemistry, and Immunocytochemistry
General Characterization and Histochemistry Muscle specimens were frozen in isopentane cooled in liquid nitrogen. Transverse cryostat sections (10-m thick:Frigocut 2800; Reichert-Jung, Nussloch, Germany) were stained by hematoxylin and eosin. Fiber type classification was made in serial sections stained with myofibrillar adenosine triphosphatase (ATPase) (29) .
NADPH-diaphorase (NADPH-d) Staining
After a 10-min fixation in 4% formaldehyde, the sections were washed in PBS then incubated for 30 min at 37ЊC in a solution containing 1 mM ␤-NADPH (Sigma, St-Louis, MO) and 0.3 mM nitroblue tetrazolium (NBT), plus 1% formaldehyde. Sections from control and DMD/BMD patients were incubated together. Afterward, the sections were rinsed in PBS and finally mounted in glycerol jelly. To test the specificity of the reaction, tissue was incubated in the above reaction medium without the NADPH.
Morphometry
iNOS-, dystrophin-, myc-positive fibers were counted in cross sections of muscle appropriately stained, and the number of each was calculated as a percentage of at least 300 fibers from 5 different regions. Regions were selected on a random basis within a section of the muscle, using an image analyser (Phase Three Imaging Systems).
Immunoblotting Sample Preparations from Muscle Biopsies for
Immunoblotting The isolation method of the cytosolic fraction involved the preparation of muscular homogenate in buffer (pH 7.2) containing 20 mM MOPS, 100 mM KCl, and subsequent differential centrifugations. All of these procedures were carried out at 0Ϫ4ЊC. Muscle tissue (250-400 mg) was minced and homogenized in the above buffer by several strokes of the homogenizer. Homogenization was with a Polytron 20ST (Kinematica, Lucerne, Switzerland) for 30-35 sec at 20,000 rpm. The crude homogenate was centrifuged at 1000 g for 10 min. The resulting supernatant fraction was removed and the 1000 g pellet was washed twice with the homogenization buffer. The combined 1000 g supernatant fractions were then centrifuged at 8000 g for 1 hr to separate sarcolemma, mitochondria, Golgi complex, and endoplasmic reticulum from the cytosolic fraction. The resultant supernatant fraction was stored immediately at Ϫ20ЊC.
SDS-polyacrylamide Gel Electrophoresis and Western Blotting
The expression of iNOS protein was studied by Western blot analysis in isolated cytosolic fraction of skeletal muscle. Cytosolic proteins were prepared as described below and quantitated with a bicinchoninic acid protein assay reagent kit (Pierce Chemical, Rockford, IL). Western blot analysis was done by separating proteins (45 g) in reducing conditions with 8% SDS-polyacrylamide gel electrophoresis and electrophoretically transferring the products to nitrocellulose membranes (Bio-Rad, Paris, France). The efficiency of transfer was monitored by ponceau S staining of the nitrocellulose filter. Prestained molecular weight markers were from Bio-Rad. Nonspecific binding to the membrane was blocked by 5% nonfat dry milk in PBS-0.1% (w/v) Tween 20 (Sigma, St. Louis, MO) for 1 hour at room temperature. Optimal concentration of antibodies was determined in separate experiment. Blots were washed in PBS-0.1% (w/v) Tween 20 and then incubated overnight at 4ЊC with monoclonal anti-iNOS antibody (1:1000 dilution, Transduction Laboratories, KY). Membranes were washed an additional three times in PBS containing 0.1% Tween 20 and 1% milk protein. Then, the bound antibodies were revealed, depending on secondary antibodies,with either nitroblue tetrazolium
Immunocytochemistry
Ten m-thick serial cryostat sections were fixed for 3 min in acetone (except for dystrophin, myc, d-MHC single labeling). Blocking was performed by 1-hour incubation with 10% of goat serum or donkey serum, depending on the secondary antibody. For immunofluorescence, sections were incubated during 1 hour with the primary antibody at room temperature then washed with PBS, and incubated with either of the following:1) 1:100 diluted fluorescein-labeled goat anti-mouse IgG (Sigma, St Louis, MO); 2) 1:100 diluted fluorescein or rhodamin-labeled donkey antimouse IgG, (Jackson ImmunoResearch, ME); 3) 1:100 diluted fluorescein or rhodamin-labeled donkey anti-rabbit IgG (Jackson ImmunoResearch, ME); or 4) 1:100 diluted fluorescein or rhodamin-labeled donkey anti-goat IgG (Jackson ImmunoResearch, ME. Double immunostaining was also performed according to a modified protocol, with each incubation followed by extensive washing in PBS. Specimens were finally examined under fluorescence microscope Nikon Microphot-FXA. For immunoperoxidase, sections were incubated with 3% H 2 O 2 to inactivate endogenous peroxidases and then were blocked with 10% donkey or goat serum. Sections were then rinsed in PBS and incubated for 1 hour at room temperature in primary antibody in PBS. After rinsing, immunoreactions were visualized by a biotinylated anti-rabbit IgG or anti-mouse IgG (Sigma, St Louis, MO) diluted 1:100 in PBS for 30 min, an Extravidin peroxidase conjugate (Sigma, St Louis, MO) diluted 1:200 in PBS during 30 min, and an AEC staining system (Sigma, St Louis, MO). Specimens were examined under a microscope Nikon Microphot-FXA. In all cases, following incubation, each specimen underwent extensive washing with PBS. As negative controls, we used preincubation by PBS, omission of the primary antibody and substitution of the primary antibody by an isotype-matched nonimmune control antibody. Mouse IgG1 and IgG2a (Dako), rabbit IgG (Dako), and goat IgG (Dako) were used as controls. The three types of controls mentioned were performed for each experiment on the same day.
Vital Staining
Evans blue was purchased from Sigma (St Louis, MO). The dye was dissolved in PBS (0.15 M NaCl, 10 mM phosphate buffer, pH7), sterilized by passage through membrane filters, and kept at 4ЊC. Dye solution was injected intravenously through the tail vein (1 mg dye/0.1 mL/10 g body weight), and 6 hours after injection, mice were sacrificed. Quadriceps muscles were frozen immediately in isopentane cooled in liquid nitrogen. Ten m-thick cryostat sections were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA). By fluorescence microscopy analysis, Evans blue staining showed a bright red emission. All sections were examined under a microscope Nikon Microphot-FXA. chloride (NBT 0.41 mM)/5-bromo-4-chloro-3-indolyl phosphate (BCIP 0.38 mM) (Promega) in 200 mM Tris-HCl, pH9.5, containing 10 mM MgCl 2 as substrate, and peroxidase substrate kit AEC (Vector Laboratories, Burlingame, CA).
Gene Transfer
E1 ϩ E3 deleted adenovirus vectors containing the hCMVie promoter driving either a 5.4 Kb ⌬ 13-48 truncated dystrophin gene (DYS group), a 6.0 Kb truncated dystrophin-homologue (utrophin) gene (UTR group), or LacZ were injected to transduce the quadriceps of 5-day-old mdx mice. A myc TAG was incorporated into the utrophin transgene, enabling us to distinguish the transgene from the endogenous encoded protein. To serve as a vector control, a group of age-matched mdx mice was injected with Ad-LacZ. In each group, the contralateral quadriceps muscle was not injected with vector to serve as an internal control. Quadriceps muscles were harvested at day 42 postnatal.
Statistical Analysis
Statistical comparison of results was performed using the Wilcoxon signed-rank test for paired data and the Mann-Whitney U test for nonpaired data. A p value Ͻ0.05 was considered significant.
Results
iNOS Is Expressed in DMD Muscle
The presence of iNOS protein was investigated by Western blot analysis in freshly isolated cytosolic fractions of skeletal muscles from control subjects and DMD/BMD patients. Western blot of samples separated under reducing conditions revealed a band of 65 kDa in muscle samples from DMD patients ( Figure 1A ). No band was seen when extracts from normal skeletal muscle were incubated under the same conditions. iNOS immunoreactivity was not detected on cryostat sections from muscle of control subjects, whereas cytoplasmic immunostaining for iNOS was observed in cryostat sections from DMD/BMD patients. Immunoreactivity for iNOS was not detected in vessels or in the conjunctive tissue ( Figure 1B) . The percentage of iNOS-positive fibers was different from one patient to another; however, iNOS-positive fibers were more frequently observed in DMD than in BMD (2-4% in BMD patients; 6-18% in DMD patients). iNOS immunoreactivity was also rarely observed in small mononucleated cells invading muscle fibers (data not shown). particularly clear for the normal-sized or hypertrophied fibers (Figure 3) .
Expression of iNOS in mdx Mouse Muscle Fibers
We investigated the expression of iNOS in muscle fibers of mdx mouse. Expression of iNOS was observed in the quadriceps muscle of the mdx mouse,
Relationship Between iNOS Immunostaining and NADPH-d Reactivity in DMD
Fixation in 4% formaldehyde dissolved in PBS and incubation in solution containing 1% formaldehyde resulted in a weaker NADPH-d staining of muscle fibers, both in control and DMD patients (data not shown). Low NADPH-d reactivity was present in the sarcoplasm of muscle fibers from control patients relative to DMD patients for which NADPH-d reactivity was higher and predominantly found in the sarcoplasm, where it showed a spotty distribution ( Figure 1C) . NADPH-d reactivity was absent from necrotic muscle fibers (Figure 2 ), but iNOS was detected in necrotic fibers; regenerating muscle fibers exhibited a diffuse NADPH-d sarcoplasmic staining as well as an iNOS cytoplasmic immunostaining (Figure 2 ). In contrast, regenerating muscle fibers were not concurrently stained by another enzymatic staining (SDH staining) (Figure 2 ). Some mononucleated cells exhibited NADPH-d reactivity. NADPH-d reactivity was found in the walls of some vessels, but was absent in connective tissue. In BMD patients, NADPH-d reactivity was observed in small-sized fibers (data not shown).
Colocalization of iNOS and p65 NF-B Subunit in Muscle Fibers of DMD
Most iNOS-positive fibers exhibited immunoreactivity for the p65 NF-B subunit, although all p65-positive fibers were not iNOS-positive; this was and similar studies on tissue from congenic control animals were negative. Expression of iNOS was observed 4 weeks after birth, in mdx mice, and it remained present 2 months after birth ( Figure 4A ). The expression of iNOS was observed in different muscles of mdx mouse: TA, EDL, SOL, and DIA ( Figure  4B ). Systemic administration of Evans blue was used as a stain for degenerating muscle fibers. Evans bluepositive fibers were partly immunostained by iNOS antibody, but most of the iNOS positive fibers were regenerating developmental-myosin-positive fibers. The majority of iNOS-positive fibers were also reactive for NADPH-d ( Figure 4C ). 
Expression of Dystrophin or Overexpression of Utrophin in mdx Mouse Reduces the Number of iNOS-positive Fibers
Few dystrophin-positive fibers (less than 1%, corresponding probably to the revertant fibers) were observed at 42 days postnatal in the quadriceps muscles of mdx mice injected at 5 days postnatal with Ad-LacZ, a control vector. Because utrophin is spontaneously expressed in mdx, a myc TAG was incorporated into the utrophin transgene, enabling us to distinguish the overexpressed transgene from the endogenous encoded protein. mdx mice injected into the quadriceps at 5 days postnatal with ever, it was not accompanied by nNOS sarcolemmal expression as measured by immunohistochemistry ( Figure 5 ).
Discussion iNOS in DMD
It is not surprising to observe iNOS-positive mononuclear cells in DMD. These cells are probably activated macrophages because iNOS was originally discovered in cytokine-induced macrophages (8, 30) , and activated macrophages are known to be present in increased number in DMD muscle. Activated macrophages may release cytokines such as tumor necrosis factor alpha (TNF␣) and interleukin 1 (IL-1). iNOS immunoreactivity observed in the cytoplasm of some necrotic muscle fibers could have resulted from invading macrophages into these fibers. Such an immunoreactivity has not been observed in nonnecrotic muscle fibers. More interesting, iNOS immunoreactivity was observed in the cytoplasm of regenerating muscle fibers in DMD, and NADPH-d reactivity and iNOS immunoreactivity were colocalized in these fibers. NO was proposed as a messenger molecule for myoblast fusion (31) . iNOS may be induced by one or more cytokines derived from skeletal myoblasts and myotubes (16) .
Ad-dystrophin showed 60% of dystrophin-positive fibers when analyzed 42 days postnatal (data not shown). Quadriceps muscles of mdx mice injected 5 days postnatal with Ad-utrophin construct containing a myc TAG showed 44% myc-positive fibers at 42 days postnatal (data not shown). No immunostaining for dystrophin or myc was observed in the contralateral quadriceps muscles. The percentage of iNOS-positive fibers in the contralateral quadriceps muscles in the Ad-dystrophin group was 23.7%, whereas this percentage was of 9.5% in the injected quadriceps muscles (p Ͻ 0.02). In the UTR group, the percentage of iNOS-positive cells in the contralateral quadriceps muscles was 22%, whereas this percentage was 10.5% in the injected quadriceps muscles (p Ͻ 0.05).
Correction of mdx Muscle Pathology by Dystrophin Expression or Utrophin Overexpression Is Independent of the Presence of nNOS
As previously reported, nNOS is not expressed in mdx muscles, which contrasts with the control animals where colocalization of dystrophin and nNOS is observed in the quadriceps muscles at the sarcolemmal level ( Figure 5 ). Expression of dystrophin or the overexpression of utrophin after gene transfer corrected some of the pathology of mdx muscle; how- 
NADPH-d Staining in DMD
NADPH-d staining is a marker for NOS activity. In the present study, we have shown that NADPH-d reactivity was low in control patients, whereas in DMD/BMD patients, a strong NADPH-d reactivity was demonstrated in the cytoplasm of non-necrotic muscle fibers, particularly in regenerating muscle fibers. Because iNOS immunostaining was not observed in all NADPH-reactive muscle fibers, the punctuated NADPH-d reactivity observed in the cytoplasm of some non-necrotic muscle fibers may reflect the expression of other NOS than iNOS. It is interesting to note that an aberrant translocation of nNOS from sarcolemma to cytosol has been shown in DMD and mdx muscles. However, the isoforms of NOS are more diverse than originally assumed, and a more comprehensive classification is likely to evolve. Numerous enzymes use NADPH-d as a cofactor and some electron-transferring enzymes that use either NADH or NADPH as a substrate (32) . Sufficient information has accumulated to suggest that the occurrence of NOS in muscle fibers cannot be unequivocally demonstrated by the standard NADPH-d staining (12) . Thus, directly correlating NADPH-d histochemistry with the presence of NOS may be misleading because NADPH-d activity neither indicates the existence of a specific NOS isoform nor clearly discriminates between NOS and other enzymes, which may possess NADPH-d activity (18) . However, unlike NOS, these enzymes are inactivated by paraformaldehyde fixation (20) . In the present study, the fixation in formaldehyde resulted in a significantly weaker NADPH-d staining of muscle fibers, in both control and DMD patients. In this way, we confirm recent compiled data that indicate the NADPH-d of NOS can be selectively disclosed by adding formaldehyde or 0.5 mM potassium permanganate to the incubation medium (12, 33, 34) .
Mechanisms of NOS Induction
Induction of NOS is a complex process that requires a number of signaling pathways. The activation of macrophages by LPS and IFN gamma (IFN␥), either singly or in combination, results in the induction of iNOS (1). This induction, which is inhibited by glucocorticoids, yields sustained production of NO, which diffuses to target cells such as tumor cells. At these cells, NO combines with iron-sulfur centers in key enzymes of both the respiratory cycle and the pathway for the synthesis of DNA. Regulation of iNOS occurs at the level of gene transcription and is relatively slow but leads to long-lasting and significant increases in NO production. In contrast, nNOS and eNOS, constitutively expressed at the level of transcription, are regulated by various soluble ligands; NO concentrations produced by this route are usually relatively low (1).
The present study clearly demonstrates that iNOS may be induced in regenerating muscle fibers of DMD patients. However, further studies are needed to determine if iNOS expression is a general phenomenon of muscle regeneration and to precise the routes of iNOS induction. In the present study, we have shown a colocalization of p65-immunoreactive fibers and iNOS-positive fibers. The induction of iNOS by NF-B is a well-known phenomenon but has not been shown in vivo yet (35) . Although the role of cytokines derived from macrophages remains unproven, an induction of iNOS by cytokines that include IFN␥, IL-1, and TNF␣ has been reported in different tissues (30, (36) (37) (38) .
Potential Role of NO Secretion
NO produced by iNOS in activated macrophages exerts direct cytostatic and cytotoxic actions on target cells, owing to its capacity to combine with ironcontaining enzymes involved in both the respiratory cycle and pathway for the synthesis of DNA. The formation of potent oxidants (hydroxyl radical and nitrogen dioxide) mediate the cytotoxic effects of NO and induce the inhibition of DNA synthesis, as well as the inhibition of mitochondrial respiratory enzymes (1, 2, 4) . NO has been demonstrated to reversibly inhibit cytochrome C oxidase in skeletal muscle respiration (39) , which decreases ATP production, and leads to respiratory muscle dysfunction (40) . Although already cytotoxic, NO can also react with other free radicals to generate molecules, such as peroxynitrite, which enhance its cytotoxicity. When produced in an excessive amount and for an extended period, NO can also be cytotoxic for host cells. In this way, it is possible that excessive and prolonged production of NO by iNOS in infiltrating inflammatory cells modulates the mitochondrial respiration in surrounding myocytes, thus exerting muscle dysfunction.
iNOS expression may be adaptive in that production of NO may lead to enhanced oxygen and substrate delivery to vital tissues during prolonged periods of disease. NO may act as a messenger molecule for myoblast fusion (31); on the other hand, NO can also induce apoptosis in skeletal myoblasts (41) . This reflects the dual nature of NO, which is both cytotoxic and potentially protective.
The physiological significance of NO formation in the sarcolemma of normal striated muscles is not precisely known. It was proposed that NO may interact with the cGMP signal transduction pathway to control resting muscle and with reactive oxygen intermediates in actively contracting muscle to modulate force development. However, by inhibiting the ryanodine receptor calcium release channel (42) , NO may decrease calcium release from sarcoplasmic reticulum, depress the contractile force, and decrease the efficiency of excitation contraction coupling dystrophin or utrophin can reduce the expression of iNOS in mdx mice quadriceps muscle. (19, 43) . NO also increases muscle metabolism by regulating glucose uptake (13) .
Consequences of Dystrophin Expression and Utrophin Overexpression After Gene Transfer
The present study showed a reduction of the iNOSpositive muscle fibers in the quadriceps of mdx mouse after expression of dystrophin, or overexpression of utrophin. These results are in agreement with previous data showing a reduction of the necrotic and regenerating muscle fibers in mdx mouse after such gene transfer (unpublished personal results) and confirm previously published ones (44) (45) (46) (47) (48) .
The overexpression of utrophin and expression of dystrophin corrected some pathological abnormalities of mdx muscle, but these corrections were not accompanied by nNOS restoration. It has been shown that the expression of a minigene lacking exons 17-48 of dystrophin in transgenic mdx mice fails to recruit nNOS to sarcolemma and is associated with a very mild phenotype (Becker type) (22) . However, different results have been reported, probably owing to mouse variations in the level of the ⌬17-48 transgene expression (49) . Restoration of nNOS at the sarcolemma level of muscle fibers from TA of mdx mice has been reported using a plasmid DNA encoding the human 6.3kB minidystrophin gene lacking exons 17-48 (50) . However, the number of transduced fibers and the eventual correction of the phenotype were not well described. In our study, we used a human minidystrophin gene lacking exons 13-48. It is improbable that the difference between the two studies could be related to a different level of the transgene expression because more than 50% of the fibers were transduced in our study (the level of transduction is usually lower when using a plasmid). The specific muscle studied can also be important to consider because, in the mouse, nNOS occurs mainly at high levels in fast-twich muscle fibers and TA is composed at 99% of such fibers. This contrasts the quadriceps, which are composed of more than only fast-twich muscle fibers. Chao et al. (22) also found that nNOS does not associate with utrophin-containing complexes, which is in agreement with our results. Regarding the partial correction of the morphological phenotype after dystrophin expression or utrophin overexpression without expression of nNOS, our findings support the idea that nNOS by itself does not influence the extent of the pathologic damage, and that the loss of nNOS activity from the sarcolemma could be one of several factors that collectively produce the pathology observed in dystrophinopathies (49, 51) .
Recent reports have shown that iNOS could be immunolocalized to the neuromuscular junction in DMD (52) and that iNOS activity was significantly increased in the mdx mouse heart (53) . The present results demonstrated the following: 1) iNOS could be involved in the physiopathology of dystrophinopathies, and 2) somatic gene transfer of
